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Abstract

Aguatic species inhabiting polluted estuaries are exposed to complex mixtures of xenobiotics
which can alter normal reproduction. We previously reported that female Atlantic killifish
(Fundulus heteroclitus) from the highly contaminated Newark Bay, NJ (USA) exhibited an
inhibition of oocyte development due to reduced vitellogenin (egg-yolk precursor) levels. Our
hypothesis was that the inhibition of oocyte development in Newark Bay Killifish is due to (1)
deficient levels of circulating 17p-estradiol, and (2) a decreased sensitivity of the vitellogenin
pathway to physiological doses of 17p-estradiol. In the first study, adult naive killifish from
Tuckerton, NJ (reference) were caged at Tuckerton and Newark Bay. After 1 month, males caged
at Newark Bay exhibited inductions of hepatic vitellogenin and estrogen receptor a, which were
transient and returned to basal levels after 2 months (p < 0.05). In the second study, fecundity and
17p-estradiol levels were measured in reproductively active adult females from Tuckerton and
Newark Bay. Tuckerton females produced 140 eggs per female and Newark Bay females produced
11 eggs per female. Embryos from Newark Bay had 34% greater mortality and 28% less hatch,
relative to Tuckerton. In addition, embryo mass and yolk-volume of Newark Bay embryos
compared to Tuckerton embryos was 16% and 25% lower, respectively. Circulating 17p3-estradiol
levels in Newark Bay females (0.26 ng/mL) were measured to be 8-fold lower than Tuckerton
females (2.25 ng/mL). In the third study, adult killifish from both sites were dosed with 17f-
estradiol to assess the sensitivity of the vitellogenin pathway. At doses of 0.01, 0.1, 1 and 10 ng/g
body weight, induction levels of circulating vitellogenin in Newark Bay males were significantly
inhibited by 97, 99, 98 and 44%, respectively, compared to Tuckerton males. At doses of 0.01,
0.1, 1, 10 and 100 ng/g body weight, induction levels of circulating vitellogenin in Newark Bay
females were inhibited by 89, 79, 61, 40 and 30%, respectively, compared to Tuckerton females.
These differences in inducibility could not be explained by altered hepatic expression of estrogen
receptors a, fa or fb. Based on the caged and dose-response studies, contaminants that down-
regulate vitellogenin would interfere with its ability to be used as a biomarker for xeno-estrogen
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exposures. These studies demonstrate that contaminants within Newark Bay exert both estrogenic
and anti-estrogenic responses which results in an overtly anti-estrogenic phenotype (reduced egg
production due to inhibition of vitellogenesis).
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1.0. INTRODUCTION

Previous studies in our laboratory have demonstrated that female Atlantic killifish (Fundulus
heteroclitus) inhabiting Newark Bay, NJ (USA) exhibited anti-estrogenic reproductive
effects, when compared to a reference population from Tuckerton, NJ (Bugel et al., 2010).
Decreased hepatic expression of vitellogenin (egg-yolk protein precursor) was proposed to
be the etiology for the inhibition of normal oocyte development in Newark Bay female
killifish. The purpose of the current study was to determine whether inhibition of oocyte
development resulted in decreased fecundity, and to characterize contaminant effects on the
regulation of circulating 17p-estradiol and vitellogenin. Atlantic killifish (Fundulus
heteroclitus) were chosen for our studies because of its important role in the estuarine food
web as a both predator and prey, and because it has a limited home range allowing for
impacts to be related to locally found contaminants (Burnett et al., 2007).

Newark Bay and adjoining estuaries in the NY-NJ Harbor Complex contain mixtures of
historical and emerging contaminants at elevated levels that pose a continued risk to the
sustainability of aquatic populations. Newark Bay sediment concentrations of total
polychlorinated dibenzo-p-dioxins and furans were reported to be 0.8 — 9.3 ng/g (parts per
billion) and 0.2 — 3.7 ng/g, respectively (Dimou and Pecchioli, 2006). Total polycyclic
aromatic hydrocarbons (PAHSs) and polychlorinated biphenyls (PCBs) in sediments have
been measured to be 44,000 and 756 ng/g, respectively (Huntley et al., 1995; Panero et al.,
2005). Other contaminants of concern include pesticides, heavy metals, nonionic
alkylphenol ethoxylate surfactants, flame retardants, bisphenol A, phthalates, and synthetic
estrogens from effluent of approximately 30 wastewater treatment plants discharging into
the N'Y-NJ Harbor Estuary (Litten, 2003; Mufioz et al., 2006; NY-NJ HEP, 2006; Wilson
and Bonin, 2007; lannuzzi et al., 2008). Little evidence to date has supported that the
Newark Bay environment is estrogenic, although previous studies suggested that Newark
Bay contaminants exert anti-estrogenic effects on killifish (McArdle et al., 2004; Bugel et
al., 2010). For example, aryl hydrocarbon receptor (AhR) agonists modulate hormone
signaling by cross-talk with the estrogen receptor and can affect vitellogenin gene regulation
(Safe and Wormke, 2003; Wormke et al., 2003; Ohtake et al., 2008). Newark Bay is heavily
contaminated with AhR agonists (dioxins, furans, PAHs, PCBs) that have resulted in
elevated cytochrome P4501A (CYP1A) expression and a resistant AhR pathway in Newark
Bay killifish (Prince and Cooper, 1995a/b; Elskus et al., 1999; Arzuaga and Elskus, 2002;
Bugel et al., 2010; Nacci et al., 2010). Reproductive impacts by AhR agonists in Newark
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Bay killifish and other similarly impacted populations (New Bedford Harbor, MA; Elizabeth
River, VA) are not clear.

Reproductive impacts in aquatic species exposed to complex mixtures are due to the
dysregulation of multiple events in the hypothalamus-pituitary-gonad-liver axis (Arcand-
Hoy and Benson, 1998; Rempel and Schlenk, 2008). Estrogen signaling and vitellogenin
regulation are critical to oocyte development and are discussed below, although detailed
reviews of teleosts oogenesis by Tyler and Sumpter (1996), Patifio and Sullivan (2002), and
Thomas (2008), should be consulted. Gonadotropin hormone | secretion by the pituitary
stimulates granulosa cells in the ovary to induce aromatase (cytochrome P450 19A1) and
produce 17p-estradiol. Estrogen receptors (ER) in hepatocytes bind circulating 17p-estradiol,
dimerize and translocate into the nucleus to induce transcription of vitellogenin genes
(Menuet et al., 2005). Three Killifish estrogen receptors have been identified: ER a, ER pa
and ER pb (Greytak and Callard, 2007). All three ER isoforms are suspected to play a role in
the induction of vitellogenin in teleosts, although the specific role of each isoforms in
killifish vitellogenesis is not yet known (Nelson and Habibi, 2010). Vitellogenin proteins are
large glycolipoproteins that are precursors to egg-yolk proteins. Two vitellogenin genes are
known to exist in Fundulus heteroclitus: vitellogenins I and 1l (LaFleur et al., 1995; LaFleur
et al., 1996). Vitellogenin | is the precursor for the majority of the known yolk-proteins in
killifish. Circulating vitellogenin proteins are endocytosed into developing oocytes and
cleaved by cathepsins into yolk-proteins required for oocyte growth and maturation
(Kanungo et al., 1990; LaFleur et al., 2005). Yolk-proteins also act as a source of nutrients
(lipids, inorganic ions, energy and free amino acids) during embryogenesis and eleuthero-
embryo development. Estrogen and vitellogenin levels can be used for evaluating
reproductive status in females. In male fish, vitellogenin genes are present but not expressed
and therefore can serve as a biomarker of exposure to estrogenic contaminants (Sumpter and
Jobling, 1995).

Three studies are presented within this paper. The first study was a caged study (2 month
duration) designed to investigate impacts of Newark Bay contaminants on hepatic
expression of ER «a, ER Ba, ER pb and vitellogenin using naive Killifish from Tuckerton, NJ.
We hypothesized that transplantation of naive killifish from the reference population
(Tuckerton, NJ) to Newark Bay would result in estrogenic and anti-estrogenic responses in
males and females, respectively. The caged study was used to evaluate sensitive responses in
naive killifish re-located to Newark Bay as an alternative approach to measuring impacts in
the indigenous population that may have adapted responses. The second study assessed
fecundity (egg production and embryo survival) as a measure of the reproductive capacity of
killifish collected from Newark Bay and a reference site at Tuckerton. Circulating 17p-
estradiol levels were also measured in Killifish from both sites as an integrated measure of
contaminant impacts on hormone signaling. In the third study, adult killifish from Newark
Bay and Tuckerton were challenged with 17(3-estradiol to assess the sensitivity and
regulation of the vitellogenin pathway. Our working hypothesis was that impacts on egg
development in Newark Bay female killifish were the result of decreased 17p3-estradiol
signaling and decreased responsiveness of the vitellogenin pathway to 17p-estradiol. These
studies are the first to demonstrate that contaminants within Newark Bay exert both
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estrogenic and anti-estrogenic responses in Killifish. We propose that contaminant exposure
has led to the inhibition of egg development, which due to decreased steroid signaling and a
decreased sensitivity of the vitellogenin pathway to 17p-estradiol.

2.0. MATERIALS AND METHODS

2.1 Site selection and necropsy and husbandry protocols

2.2 Study 1:

Killifish were collected from two estuaries in New Jersey, USA. Killifish were collected
using baited minnow traps from a reference site in Tuckerton (Rutgers Marine Station, 39°
30" 32.52” N, 74° 19' 26.50” W) and the heavily contaminated Newark Bay (Richard
Rutkowski Park, Bayonne, 40° 41' 17.0” N, 74° 06' 42.0” W). Fish were transported on the
day of collection back to the laboratory in aerated water from each site. Studies coincided
with the new or full moons, which are the peaks of the killifish's lunar dependent
reproductive cycle (Taylor et al., 1979; Hsiao et al., 1994; Cerdé et al., 1996).

Killifish used for laboratory controlled study were housed in a recirculating system (500
gallon total, 20 ppt seawater, 25% water change daily, 20 °C), maintained on a 14:10
light:dark photoperiod and fed frozen ground squid muscle daily. System water was
continually filtered through activated carbon, UV and bio-filters. Animals to be sacrificed
and undergo necropsy were euthanized with an overdose of MS-222 (tricaine
methanesulphonate), weighed and measured for body length. Blood was obtained by caudal
severance and collected into heparinized tubes that were immediately centrifuged briefly at
14,000 x g. Plasma was transferred into a new tube and stored at —80 °C. The liver was
removed, weighed, snap frozen in liquid nitrogen and maintained at —80 °C. All animal
protocols were approved through the Rutgers Animal Care and Facilities Committee
(Protocol #08-025).

Biomarker study of naive killifish caged at Newark Bay, NJ

Adult killifish from Tuckerton, NJ (5-10 g, 7-10 cm) were caged at both Tuckerton and
Newark Bay for up to 2 months. The beginning of the experiment coincided with a new
moon on May 24, 2009, and two collections were made at 1 and 2 months time, each
corresponding with a new moon (June 22", 2009, and July, 215t, 2009). Three sets of thirty
killifish (15 males, 15 females) were placed into stainless steel cages at both Tuckerton and
Newark Bay. Cages were 2 cubic feet (30.5 x 30.5 x 61 cm) with 1/4” (0.64 cm) mesh and
were anchored just below the low tide line so that cages would be 1 foot (30.5 cm) below the
surface at low tide. At 1 and 2 months, 12-15 males and females were sacrificed from each
site. Vitellogenin (hepatic mRNA and circulating protein) and hepatic estrogen receptor
MRNA expression (ER a, ER fa, ER Bb) was evaluated.

2.3 Study 2A: Fecundity study and embryo morphometric measurements

Adult male and female killifish (4-7 g, 6-7 cm) were collected and strip spawned from
Tuckerton and Newark Bay to assess fecundity (number of mature eggs per female,
viability, hatching success) and embryo morphometrics (mass and yolk-volume). Fish were
collected less than 48 hours before a full moon spawning (May 271, 2010), separated by
gender and held for 24 hours to prevent early spawning. Twenty females from each site were
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strip spawned into individual Petri dishes containing egg water (20 ppt sea water, 0.22 pm
filtered, 20 °C). Eggs were fertilized using minced testis from a pool of 5 males from the
respective site. Egg water was replaced after 3 hours and was replaced daily until the end of
the experiment. Dead embryos and newly hatched larvae were recorded and removed daily.
Yolk-volume and embryo mass were determined at 24 hours post fertilization (hpf) so that
measurements were made only on fertilized and viable embryos. Photomicrographs were
taken of 21 embryos from each site (7 per female, 3 females per site) to measure the
diameter of each yolk-sac for calculating volume. The mass of 24 hpf embryos were also
measured using pools of 10 embryos from 6 females per site.

2.4 Study 2B: 17B-estradiol analysis

Blood was collected from 50 adult females (4-7 g, 6-7 cm) each from Tuckerton and
Newark Bay to assess plasma levels of 17p-estradiol 3 days prior to a peak in the
reproductive cycle on a new moon (July 8, 2010). Blood plasma levels of 17p-estradiol
have been shown to be highest 3 days prior to the peak of spawning (Cerda et al., 1996).
17B-estradiol was quantified using Coat-A-Count Estradiol Radioimmunoassay (Siemens
Medical Solutions Diagnostics, Los Angeles, CA). Plasma from 5 individuals were
combined in equal volumes to make 10 composite samples per site, which were diluted 20-
fold and analyzed. The detection limit was 0.02 ng/mL of circulating 178-estradiol in blood
plasma. Samples below detection were recorded at the detection limit.

2.5 Study 3: Dose-response study - vitellogenin sensitivity to a 17p-estradiol challenge

Reproductively inactive adult killifish (3-5 g, 5-7 cm) were collected from Tuckerton and
Newark Bay outside of the breeding season (October, 2009) and acclimated for 1-2 weeks
to laboratory conditions. Fish were injected intra-peritoneally with graded doses of 178-
estradiol (= 98%, Sigma-Aldrich, St. Louis, MO) to assess site-specific differences in
vitellogenin regulation. Six males and females each were injected with 17f-estradiol (0.01,
0.1, 1, 10 and 100 ng/g body weight) dissolved in corn oil (10 pL/g body weight). Killifish
were sacrificed 4 days post-injection because circulating vitellogenin levels have been
shown to peak 4-8 days post-injection when dosed with 178-estradiol (Pait and Nelson,
2003). Controls for this experiment included a group that was sacrificed on day 0 (non-
injected) and a group that was sacrificed on day 4 (injected with corn oil alone). Hepatic
mMRNA expression of ER a, ER fa and ER Bb were evaluated for the day 0 control group
and circulating vitellogenin protein was evaluated for all treatment groups.

2.6 Protein and mRNA expression analysis

Total RNA was isolated from liver using TRIzol® (Invitrogen, San Diego, CA), treated with
DNA-free (DNA-free, Ambion, Austin, TX), and reverse transcribed using a High Capacity
cDNA Reverse Transcript Kit (Applied Biosystems, Foster City, CA). Quantitative
polymerase chain reaction was performed on 50 ng cDNA using Bio-Rad iQ SYBR Green
Supermix with a Bio-Rad iCycler and iCycler iQ Detection System (Bio-Rad, Hercules,
CA). Samples were analyzed in triplicate for each gene and normalized to the population's
median p-actin value. After normalization, expression was quantified using a standard curve
to calculate the nanogram amount of gene template per 50 ng RNA. Primers for -actin are
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the same as those used previously and new primer sets for vitellogenin | and three estrogen
receptors in Killifish (ER a, ER pa and ER Bb) were designed using criteria described
previously (Bugel et al., 2010). Vitellogenin | (GenBank U07055.2) primers (234 bp
product) were F: 5-CAG CAC CAG GAA TAT CTC AG-3 and R: 5-GTG TAG AGT
GTG TCT TCG AC-3'. Estrogen receptor a (ER a, GenBank AY571785.1) primers (195 bp
product) were F; 5’-TTT CTT TCT GCA CCG GCA CAA TGG-3" and R: 5’-GCT CCA
TGC CTT TGT TGC TCA TGT-3'. Estrogen receptor fa (ER fa, GenBank AY570922.1)
primers (112 bp product) were F: 5-ATC TTT GAC ATG CTA ATC GCC GCC-3 and R:
5-TCA GGC ACA TGT TGG AGT TGA GGA -3'. Estrogen receptor b (ER b, GenBank
AY570923.1) primers (162 bp product) were F: 5-TTG ACG CTC TGG TTT GGG CTA
TCT-3 and R: 5-ACA CAA GCA CCA CGT TCT TCC TCT-3'. The detection limit for
vitellogenin was 1.0x1078 ng per 50 ng total RNA. Data below these values were set as the
detection limit.

Vitellogenin was detected in blood plasma using a modified immunoblotting technique
described previously (Bugel et al., 2010). Blood plasma was diluted 1:50 or 1:100 and
separated by electrophoresis using Novex 3-8% Tris-Acetate SDS polyacrylamide gels
(Invitrogen, Carlsbad, CA). Protein was transferred to a 0.45 pm PVDF Transfer Membrane
(Thermo Fisher Scientific, Waltham, MA) for 1 hour using 200 mA (constant) in 1X transfer
buffer (25 mM Tris-base, 192 mM glycine, 10% methanol). Membranes were then incubated
at 4 °C for 20 h in 1X TBST (200 mM NaCl, 50 mM Tris, 0.1% Tween-20) with
vitellogenin (striped-bass) monoclonal antibody diluted 1:2500 (ND-1C8, Cayman
Chemical, Ann Arbor, MI). Membranes were washed 3 times for 5 min each in 1X TBST
and then incubated for 30 min at room temperature in 1X TBST with 5% non-fat milk and
goat anti-mouse 1gG1-HRP secondary antibody sc-2969 diluted 1:5000 (Santa Cruz
Biotechnology, Santa Cruz, CA). Membranes were finally washed 5 times for 5 min each in
1X TBST and once with deionized ultrafiltered water for 5 min. The Amersham ECL
Advance Western Blotting Detection Kit (RPN2135, GE Healthcare, Buckinghamshire, UK)
was used to detect immunoreactivity with CL-X Posure Film (Thermo Fisher Scientific,
Waltham, MA). Bands were quantified by densitometry with ImageJ (Abramoff et al., 2004)
and converted to relative intensity to a standard rainbow trout vitellogenin sample (Vtg-51,
Biosense Laboratories, Bergen, Norway).

2.7 Statistical analyses

Statistical tests were performed using SigmaPlot™ (v. 11.0). Data is reported as mean +
standard deviation. Fold-changes are calculated using median values. A p-value < 0.05 was
regarded as significantly different. Unpaired t-tests were used to compare different
treatments. When normality failed the Student-Neuman-Keuhls test was used. When equal
variance failed the Mann-Whitney Rank Sum test was used. Discrete data was compared
using Fisher's Exact Test.
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3.0. RESULTS

3.1. Study 1: Endocrine responses of Naive Tuckerton Killifish caged at Newark Bay

Adult naive killifish from Tuckerton were caged at Tuckerton and Newark Bay for up to 2
months to investigate the effects of contaminant exposure on expression of vitellogenin, ER
a, ER Pa and ER Bb. Mortality was low for fish caged at both sites for 1 month, 59 of 60 fish
survived at Tuckerton (98% survival) and 57 of 60 fish survived at Newark Bay (95%
survival). Survival was decreased at Newark Bay after 2 months, although not significant.
After two months, 23 of 30 (77%) fish survived at Tuckerton and 30 of 54 fish (56%)
survived at Newark Bay. Animals were feeding at both sites and during both collection
times (determined by presence of food in the gastrointestinal tract). No significant
differences or changes in body morphometrics (liver and gonad organ weights, body lengths,
and organ to body weight ratios) were observed between killifish caged at Tuckerton and
Newark Bay for either gender after 1 and 2 months caging time, or from month to month
(data not shown).

Vitellogenin expression (hepatic mRNA and circulating protein) was assessed in naive
Tuckerton male killifish caged at Tuckerton and Newark Bay, as a biomarker of exposure to
estrogen mimics. Males caged at Newark Bay for 1 month exhibited significantly elevated
levels of hepatic vitellogenin mMRNA expression that were 53-fold higher than levels
measured in Killifish caged at Tuckerton (Fig. 1A). After 2 months, hepatic vitellogenin
mMRNA expression in males caged at Newark Bay returned to reference levels (Fig. 1A).
Circulating vitellogenin protein was detected in 5 of 7 males caged at Newark Bay after 1
month while no males in the Tuckerton group (N = 7) expressed detectable levels (Fig. 1B).
After 2 months, circulating vitellogenin protein was not detected in any males caged at
either site (N = 7 per group).

Hepatic mRNA expression of ER a, ER fa and ER pb was measured in Killifish caged at
both sites to investigate the potential for Newark Bay contaminants to alter expression of the
estrogen receptors. ER a expression served as a second biomarker of xeno-estrogen
exposure since ER a has been shown to be inducible by 17f-estradiol (Urushitani et al.,
2003). Expression of ER a in males was significantly elevated 2.4-fold in males caged at
Newark Bay for 1 month, relative to males caged at Tuckerton (Fig. 2A). The expression of
ER a returned to basal levels after 2 months and was not different between males caged at
Tuckerton and Newark Bay (Fig 2A). Expression of ER pa and ER b was not affected in
killifish caged at Newark Bay for 1 month (Fig. 2B and 2C). Hepatic expression of ER «,
ER Pa and ER Bb decreased significantly in killifish caged at Newark Bay by 3.2, 2.0, and
3.0-fold, respectively, from month 1 to month 2 (Fig. 2A, 2B and 2C). However, only
expression of ER b was significantly lower than levels measured in killifish caged at
Tuckerton for 2 months (Fig. 2C).

Hepatic vitellogenin mMRNA expression and circulating protein levels were evaluated in
females caged at Tuckerton and Newark Bay as a measure of contaminant impacts on
vitellogenesis. Females caged at Newark Bay exhibited no significant change in hepatic
vitellogenin mRNA expression or circulating protein levels after 1 and 2 months exposure
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time, relative to females caged at Tuckerton (Figs. 3A and 3B). Hepatic vitellogenin mRNA
expression at each site decreased from month-to-month (Fig. 3A).

Hepatic mRNA expression of ER a, ER pa and ER pb was not affected in female killifish
caged at Newark Bay after 1 month and did not change from month-to-month in killifish
caged at either site (Fig. 4A, 4B and 4C). Expression of ER pa in females caged at Newark
Bay for 2 months was significantly lower by 2.8-fold relative to levels measured in females
caged at Tuckerton (Fig. 4B). There were no significant differences in expression of ER «
and Bb between females caged at Tuckerton and Newark Bay for 2 months.

3.2 Study 2A: Population productivity: egg production, quality and embryonic survival

A fecundity study was performed using adult killifish collected from Tuckerton and Newark
Bay to directly measure the reproductive capacity of each population and to assess the
quality of eggs and embryos. All eggs that were evaluated were fertilized and proceeded
through early embryonic stages. Newark Bay females produced significantly fewer mature
eggs compared to Tuckerton females (Fig. 5A). In addition, significantly fewer embryos
from Newark Bay successfully hatched by 24 days post fertilization (dpf), relative to
Tuckerton embryos (Fig. 5A). Tuckerton killifish produced 140 + 49 mature eggs per female
and Newark Bay females produced 11 + 13 mature eggs per female (92% fewer). Tuckerton
females averaged 117 + 48 embryos hatch per female by 24 dpf while Newark Bay females
averaged 5 + 3 embryos hatch per female by 24 dpf (95% fewer). Survival was not
significantly affected in Tuckerton embryos, however Newark Bay embryos had a
significant decrease in survival before 3dpf (Fig. 5B). Mortality in Newark Bay embryos
was primarily observed throughout the first 3 days of development (59% of total mature
eggs were viable compared to Tuckerton's 93%) and had little change in survival by 24 dpf.
Of the total eggs strip spawned, 82% at Tuckerton hatched by 24 dpf and 54% hatched from
Newark Bay (Fig. 5B).

Embryo morphometric parameters (yolk volume and embryo mass) were measured at 24 hpf
to investigate impacts on yolk development. Newark Bay embryos were visually smaller
than Tuckerton embryos and appeared to have decreased yolk-volume (Fig. 6A).
Quantitative measurements were made at 24 hpf so that only viable embryos were used.
Embryo mass and yolk-volume were significantly decreased in Newark Bay embryos by 16
and 25%, respectively (Fig. 6B and 6C). The mean embryo mass at Newark Bay was 3.3 +
0.1 mg per embryo, while at Tuckerton it was 3.9 + 0.3 mg per embryo (Fig. 6B). The mean
yolk-volume at Newark Bay was 2.2 + 0.2 mm? per embryo compared to Tuckerton
embryos which were 3.0 = 0.2 mm?3 per embryo (Fig. 6C).

3.3 Study 2B: Circulating 17p-estradiol prior to spawning

Circulating 17B-estradiol levels were measured in females from Tuckerton and Newark Bay
three days prior to the peak of spawning to investigate the role of 17p-estradiol levels in the
inhibition of oocyte development and decreased vitellogenin levels in Newark Bay females.
Circulating levels of 17p-estradiol are highest at this point in the killifish reproductive cycle
(Cerda et al., 1996). Concentrations of 17p-estradiol in blood plasma of Newark Bay
females were 8-fold significantly lower (than Tuckerton females (Fig. 7). Mean
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concentrations of circulating 17p-estradiol were 2.25 + 1.78 ng/mL in Tuckerton females
and 0.26 + 0.26 ng/mL in Newark Bay females. Five of 10 composite samples analyzed
from Newark Bay fell below the detection limit (0.02 ng/mL) and were recorded as the
detection level.

Regulation of vitellogenin protein by a 17p-estradiol challenge

Adult male and female killifish from the Tuckerton and Newark Bay populations were given
intra-peritoneal injection with graded doses of 17f-estradiol to assess the sensitivity and
ability of the vitellogenin pathway to produce protein in response to an estrogen challenge.
Vitellogenin was not detected in either control groups on day 0 (no injection) and day 4 (oil
injection) for both males and females from both sites. Males and females from both sites
were inducible with all doses tested (0.01, 0.1, 1, 10 and 100 ng/g body weight). However,
killifish from Newark Bay were less responsive and had a dose-response shifted to the right,
compared to Tuckerton killifish (Fig 8A).

Newark Bay males produced significantly less circulating vitellogenin protein in response to
a 17p-estradiol challenge than males from Tuckerton at concentrations of 0.01 to 10 ng 17f-
estradiol per gram body weight (Fig. 8B). At doses of 0.01, 0.1, 1 and 10 ng/g body weight,
Newark Bay males exhibited induction levels of circulating vitellogenin protein that were
lower by 32.6, 139.0, 53.9 and 1.8-fold, respectively, than induction levels in Tuckerton
males. Induction of vitellogenin in Newark Bay males at doses of 0.01, 0.1, 1 and 10 ng/g
body weight were therefore inhibited by 96.9, 99.3, 98.1 and 44.2%, respectively. At the
highest dose tested (100 ng/g body weight), there were no differences in vitellogenin levels
between Tuckerton and Newark Bay males.

Female killifish from Newark Bay also produced significantly less circulating vitellogenin
protein in response to 17B-estradiol at all doses tested, compared to Tuckerton females (Fig.
8C). At doses of 0.01, 0.1, 1, 10 and 100 ng/g body weight, females from Newark Bay
exhibited induction levels of circulating vitellogenin protein that were lower by 9.0, 4.8, 2.5,
1.7 and 1.4-fold, respectively, than induction levels in Tuckerton females. Induction of
vitellogenin in Newark Bay females at doses of 0.01, 0.1, 1, 10 and 100 ng/g body weight
were therefore inhibited by 88.9, 79.3, 60.5, 39.5 and 30.2%, respectively.

As a result of the shifted-dose response for induction of circulating vitellogenin protein by
17B-estradiol, hepatic mMRNA expression of ER «, ER pa and ER b was assessed in
Tuckerton and Newark Bay Killifish. Expression prior to treatment (day O controls) acted as
a surrogate measure of basal estrogen receptor levels. However, no significant differences
were found between Tuckerton and Newark Bay killifish for either gender on day 0 for ER
a, ER paand ER Bb (Fig. 9).

4.0. DISCUSSION

Endocrine disruption at Newark Bay is a complex interaction of estrogenic and anti-
estrogenic stressors that result in an overtly anti-estrogenic phenotype in Newark Bay
killifish. Estrogenic responses (vitellogenin and ER a expression) in naive males
transplanted to Newark Bay were transiently induced before returning to basal levels over
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time. This demonstrated that Newark Bay is an acutely estrogenic environment with anti-
estrogenic impacts resulting from prolonged exposure. In addition, we demonstrated that
female killifish inhabiting Newark Bay exhibited decreased fecundity (number of mature
eggs per female, viability, hatching success), as a result of (1) decreased 17p-estradiol
signaling and (2) a decreased sensitivity of the vitellogenin pathway to a 17p-estradiol
challenge. Impacts on oogenesis (yolk-development) in female killifish are proposed to
result from contaminants that inhibit steroidogenesis and vitellogenesis, which cumulatively
result in decreased vitellogenin expression.

4.1. Endocrine responses in naive Tuckerton killifish caged at Newark Bay

Elevated levels of vitellogenin have not been detected in male killifish inhabiting Newark
Bay or from naive killifish injected intra-peritoneally with Newark Bay sediment extracts
(McArdle et al., 2004; Bugel et al., 2010). These two separate studies speculated that the
lack of an estrogenic response was due to either (1) insufficient levels of xeno-estrogens in
Newark Bay to induce a vitellogenin response or (2) the presence of contaminants in
Newark Bay that act antagonistically with xeno-estrogens (i.e. AhR agonists). These studies
concluded that Newark Bay was not an overtly estrogenic environment, despite the presence
of known xeno-estrogens (i.e. dioxin like compounds, PCBs, PAHSs, synthetic estrogens,
etc.). The caged study presented in this paper addressed the limitations of measuring
vitellogenin expression in indigenous males that may have developed altered responses from
chronic exposure to contaminants. We demonstrated that Newark Bay is an estrogenic
environment that can transiently induce hormonal responses, which were down-regulated
over time. Elevated expression levels of vitellogenin and ER « in naive male Tuckerton
killifish caged at Newark Bay for 1 month were evidence of feminization (Figs. 1 and 2).
However, these inductions were transient and expression of both vitellogenin and ER «
returned to basal levels after 2 months (Figs. 1 and 2). It is unclear whether the down-
regulation of ER « plays a role in the down-regulation of vitellogenin because ER «
expression did not decrease below basal levels after 2 months (Fig. 2). In addition, the
impacts on expression of the ER f isoforms and relevance to vitellogenin regulation are not
clear but may indicate contaminant effects on these receptors. These results help to explain
the lack of feminization of the indigenous male killifish population in Newark Bay and
suggest that the vitellogenin pathway has adapted to be non-responsive in this estrogenic
environment. This is the first evidence to our knowledge to suggest that vitellogenin may not
be an appropriate biomarker for xeno-estrogen exposure in a wild fish population
chronically exposed to complex mixtures of contaminants. Therefore, we recommend that
studies, such as transplant studies, should follow negative vitellogenin results (not up-
regulated) to reduce the occurrence of false-negatives in environments known to contain
Xeno-estrogens.

Our caged study was unable to determine the basis for the down-regulation of the elevated
vitellogenin and ER « expression in males caged at Newark Bay. However, studies by Nash
et al., (2004) reported that male zebrafish develop attenuated vitellogenic responses to 17a-
ethynylestradiol after life-long exposure to environmentally relevant concentrations (5
ng/L). Desensitization of estrogenic responses may therefore be a normal outcome of
chronic exposure to xeno-estrogens. Alternatively, reductions in hepatic expression of
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vitellogenin and ER a have been reported in female fathead minnows (Pimephales
promelas) exposed to sediments impacted by pesticides, resulting in a similar down-
regulation of vitellogenin and ER a (Sellin et al., 2010). Further work is necessary to
determine the chemical and biological reasons for down-regulation of estrogenic responses
in Newark Bay Killifish.

Our caged study is the first to demonstrate that killifish in Newark Bay are exposed to xeno-
estrogens that can illicit estrogenic responses. We previously reported decreased
spermatocytes and interstitial fibrosis in testis of male killifish from Newark Bay (Bugel et
al., 2010). Exposure to estrogen mimics may help explain these reproductive impacts in the
indigenous male population. Several studies have demonstrated that exposure to estrogenic
compounds impairs gonadal development and testis function in fish (Jobling et al., 1996;
Nash et al., 2004; Kidd et al., 2007). Other studies investigating endocrine disruption within
the N'Y-NJ Harbor Estuary have also reported feminization of nearby fish populations.
Studies by Baldigo et al. (2006) reported elevated vitellogenin levels and altered 17p3-
estradiol/11-ketotestosterone ratios in common carp (Cyprinus carpio), bass (Micropterus
salmoides and Micropterus dolomieui) and bullhead (Ameiurus nebulosus) in the nearby
Hudson River (NY). Studies by McArdle et al. (2000) and Todorov et al. (2002)
demonstrated that larval and juvenile sunshine bass (Morone saxatilis x M. Chrysops)
exposed to effluent from several sewage treatment plants serving New York City exhibited
significant elevations in plasma vitellogenin levels. Endocrine disruption resulting from
xeno-estrogen exposure is likely to be widespread in fish populations throughout the NY-NJ
Harbor Estuary.

The down-regulated vitellogenin response observed in naive male killifish caged at Newark
Bay could be related to the anti-estrogenic reproductive impacts (decreased vitellogenin
mRNA and protein expression) that were previously reported in female Killifish inhabiting
Newark Bay (Bugel et al., 2010). However, the caged study was unable to replicate these
effects in naive female killifish caged at Newark Bay. Vitellogenin levels (MRNA and
protein) in naive female Killifish caged at Newark Bay were not significantly different than
those caged at Tuckerton after 1 and 2 months exposure (Figs. 3A and 3B). Hepatic
expression of ER «a, and ER b in female killifish was unaffected by transplantation into
Newark Bay while expression of ER fa was significantly lower after 2 months, but the
biological significance of this change (2.8-fold) is not clear (Fig. 4A, 4B and 4C). We
propose that vitellogenin and estrogen receptor regulation in females was relatively
unaffected by caging at Newark Bay for two reasons. First, two months exposure to
contaminants within Newark Bay may not be enough to alter the reproductive status of
female naive killifish. Second, killifish were caged at Newark Bay after the reproductive
cycle had initiated, and in 2 months contaminants did not interfere with hormonal signaling
that were already in place. Events during ovarian recrudescence may be more sensitive to
disruption by contaminants. We therefore recommended that future studies consider
beginning caged-studies prior to the onset of oogenesis when investigating impacts on
female fish.
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4.2. Impacts on fecundity and yolk development in Newark Bay killifish

The fecundity study demonstrated that Newark Bay Killifish have a significantly reduced
capacity for reproduction which was due primarily to the reduction in egg production, rather
than loss of embryos during development. The inhibition of follicular development in
Newark Bay killifish reported by Bugel et al., (2010) correlated with a 92% reduction in egg
production, relative to Tuckerton females (Fig. 5). In addition, many Newark Bay embryos
did not survive to hatching due to high mortality in the first 3 days of development (Fig. 5).
The high mortality in Newark Bay embryos may have been due to both elevated
contaminant levels and poor embryo quality (reduced size and yolk supply). Elevated body
burdens of contaminants found in the sediments and wildlife of Newark Bay (i.e. 2,3,7,8-
tetrachlorodibenzo-p-dioxin, furans, PCBs) correlate with early life stage mortality in other
fish populations (Casillas et al., 1991; Fitzsimmons, 1995; Zabel et al., 1995). Despite
dramatic impacts on egg production, the Newark Bay killifish population continues to
sustain itself, as is evidenced by young-of-the-year. A small percentage of the population
appears to perform the majority of the reproductive duties and may be why this population
persists. The three females with the highest fecundity at Newark Bay produced 47, 25 and
22 eggs with a population mean of 11 + 13 eggs per female. The three females with the
lowest fecundity in the reference population at Tuckerton produced 91, 94 and 95 eggs each
with a population average of 140 + 49 eggs per female. The few females at Newark Bay
reproducing at a relatively higher capacity may represent non-responders that are relatively
resistant to contaminant effects.

An inverse relationship between vitellogenin expression and fecundity in the fathead
minnow has been established, suggesting that impacts on vitellogenesis directly translates to
a reduction in egg production and population growth (Miller et al., 2007; Thorpe et al.,
2007). Reduced vitellogenin expression in Newark Bay Kkillifish has been previously
associated with underdeveloped ovaries. The inhibition of development was demonstrated
by many follicles present at early pre-vitellogenic stages and few that progressed through
vitellogenin-dependent stages (Bugel et al., 2010). The relatively few eggs that are produced
by Newark Bay females are less robust and lower quality, than those from Tuckerton (Fig.
6). Newark Bay embryo mass and yolk-volume was demonstrated to be reduced by 25% and
16%, respectively, relatively to Tuckerton embryos. Vitellogenin accumulation by
developing oocytes largely determines size and quality of eggs and is estimated to account
for 50% of the final egg size in killifish (Selman and Wallace, 1983). Therefore, the reduced
vitellogenin levels in Newark Bay females are proposed to be the basis for the impacts on
egg and yolk-development.

4.3. Role of altered 17p-estradiol signaling in reproductive impacts of Newark Bay killifish

Decreased vitellogenin expression in Newark Bay females is proposed to be the cumulative
result of (1) deficiency of circulating 173-estradiol and (2) desensitization of the vitellogenin
pathway to induction by 17p-estradiol. Newark Bay females had an 8-fold decrease in
circulating 17p-estradiol levels relative to Tuckerton females, indicating impacts on
hormone regulation (Fig. 7). Studies with the fathead minnow by Ankley et al. (2008)
established a relationship between circulating 17p-estradiol levels and both vitellogenin and
fecundity. These studies demonstrate that impacts on circulating 17p-estradiol levels
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correlate with reductions in vitellogenin and fecundity. In addition, our challenge studies
showed that vitellogenin was less inducible in Newark Bay Killifish relative to Tuckerton
killifish, which indicated a decrease in sensitivity of the vitellogenin pathway to 174-
estradiol (Fig. 8). This shifted dose-response confounds the use of vitellogenin as a
biomarker for xeno-estrogen exposure in males and helps to explain why vitellogenin has
not been previously detected in indigenous Newark Bay male killifish. In females, a
decreased capacity to produce vitellogenin offers a unique explanation for the decreased
vitellogenin expression levels and impaired egg development. Newark Bay females
exhibited inhibited induction at levels of 17p-estradiol (0.1 — 100 ng/g body weight) that are
relevant to those measured during reproduction in Tuckerton Killifish (2.25 ng/mL blood
plasma). A linear regression model formulated to predict fecundity from measured
vitellogenin levels in fathead minnow estimated that a 50% decrease in vitellogenin
concentration in females translates to an approximate 50% decrease in fecundity (Miller et
al., 2007). The direct relationship between vitellogenin and fecundity is important
considering vitellogenin levels in Newark Bay females were 88.9, 79.3 and 60.5% the
induction levels of Tuckerton females, at doses of 0.01, 0.1, 1 ng 17p-estradiol/g (Fig. 8).
The decrease in vitellogenin inducibility of Newark Bay Killifish is biologically important
and will act in conjunction with the 17p-estradiol deficiency to result in decreased
vitellogenin expression and reduced egg production.

The decreased 17-estradiol levels in Newark Bay females were contrary to what was
expected considering ovarian aromatase (cytochrome P450 19A) mRNA expression that was
previously measured to be 210-fold higher than Tuckerton females (Bugel et al., 2010).
Gonadal aromatase is stimulated by gonadotropin hormone I and was expressed at elevated
levels, but failed to produce normal circulating levels. Circulating levels of 17B-estradiol are
balanced by aromatase synthesis in granulosa cells of the ovary, and clearance by the liver
and kidneys. Levels of 17p-estradiol in blood are an integrated measure of the ability of
Newark Bay Kkillifish to achieve normal circulating sex steroid levels. Our studies are unable
to determine whether the decreased 173-estradiol levels were due to a decrease in aromatase
activity (synthesis), or an increase in 17p-estradiol metabolism (clearance). Future studies
will need to examine the basis for this deficiency.

The expression levels of ER a, ER pa and ER fb in killifish prior to treatment with 170-
estradiol in the challenge study are unlikely to explain differences in vitellogenin
inducibility. No differences in expression levels for any of the isoforms measured were
found between killifish from Newark Bay and Tuckerton, for males or females (Fig. 9).
However, in the caged study, exposure to Newark Bay contaminants led to the induction and
down-regulation of ER a expression to basal levels after 1 and 2 months, respectively (Fig.
1). Therefore, contaminants at Newark Bay have the ability to modulate ER a responses but
with unclear consequences on the regulation of vitellogenin regulation.

Overall, we conclude that impacts on egg production and oocyte development in Newark
Bay females are due to insufficient vitellogenin expression levels in the liver. The reduced
vitellogenin expression is inadequate for yolk-development, and results from a combination
of both altered regulation of vitellogenin and 17p-estradiol deficiency. Contaminants at
Newark Bay alter various reproductive pathways that cumulatively result in an anti-

Aquat Toxicol. Author manuscript; available in PMC 2016 March 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bugel et al.

Page 14

estrogenic phenotype in females. The contaminants responsible for these effects are
unknown. However, Newark Bay is heavily contaminated by AhR agonists, and
reproductive processes in the liver and the ovary are known to be direct targets for a variety
of AhR agonists (Hutz, 1999). Killifish within Newark Bay exhibit elevated basal levels of
hepatic CYP1A expression (MRNA, protein, activity) indicative of exposure to AhR
agonists (Prince and Cooper, 1995a/b; Bugel et al., 2010). Chronic exposure to AhR
agonists at Newark Bay has also led to a resistance of CYP1A induction, although the
mechanisms for this resistance are currently unknown (Prince and Cooper, 1995a/b; Elskus
et al., 1999; Arzuaga and Elskus, 2002; Nacci et al., 2010). We have previously reported an
inverse relationship between hepatic expression of CYP1A protein and vitellogenin mMRNA
demonstrating a potential relationship between the AhR and ER pathways in Newark Bay
female killifish (Bugel et al., 2010). Exposure to AhR agonists may therefore play a role in
the reproductive impacts of the Newark Bay population. For example, rodents exposed to
2,3,7,8-tetrachlorodibenzo-p-dioxin exhibited decreased serum levels of 17B-estradiol and
early transition to reproductive senescence (Petroff et al., 2000; Franczak et al., 2006; Shi et
al., 2007). Zebrafish chronically exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin exhibited
decreased sensitivity to gonadotropins, decreased 17p-estradiol and vitellogenin synthesis,
and ultimately an inhibition of follicle development (King Heiden et al., 2006; King Heiden
et al., 2008; King Heiden, 2009). There is mounting evidence from in vitro studies that AhR
agonists can directly affect vitellogenin levels by inhibiting induction by 17p-estradiol in
teleost hepatocytes (Anderson et al., 1996; Navas and Segner, 2000; Bemanian et al., 2004;
Mortensen and Arukwe, 2007; Grans et al., 2010). However, in vivo studies reporting direct
effects of AhR agonists on liver regulation of vitellogenin is limited. For example, Vaccaro
et al. (2005) demonstrated that acute exposure to PCB 126 can inhibit E2-induced
vitellogenin synthesis in sea bass (Dicentrarchus labrax). The attenuation of vitellogenin in
males caged at Newark Bay for 2 months may be explained by increased exposure to AhR
agonists. The shifted dose-response in Newark Bay killifish may also be explained by
inhibition from the highly active AhR pathway in this population. Reproductive impacts in
the Newark Bay killifish population are phenotypic of dioxin toxicity and further studies are
necessary to establish direct evidence for the role of AhR agonists in the endocrine
disruption of this population.

A population of killifish from the heavily PCB-contaminated New Bedford Harbor (MA)
has exhibited similar impacts on vitellogenesis and steroidogenesis as those from Newark
Bay, although with several distinct differences. Male killifish from New Bedford Harbor are
feminized, unlike those from Newark Bay, indicating contaminants at New Bedford Harbor
result in a stable up-regulation of vitellogenin expression (Greytak et al., 2005). Our caged
study demonstrated that Newark Bay is estrogenic, although estrogenic responses
(vitellogenin and ER a expression) are transient and down-regulate over time. Female
killifish from New Bedford Harbor, similar to those from Newark Bay, exhibit decreased
vitellogenin expression (MRNA and protein), decreased gonadal somatic index, and
decreased circulating 17p-estradiol levels (Greytak et al., 2005). Challenge studies with 17f-
estradiol demonstrated that larval killifish from New Bedford Harbor have a shifted dose-
response for ER a expression, but exhibit normal vitellogenin inducibility (Greytak et al.,
2010). The relevance of these impacts to the formation of eggs and reproductive success of
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females at New Bedford Harbor are not clear because fecundity has been shown to be
normal and not impacted (Black et al., 1998). Naive killifish caged at Newark Bay were
shown to down-regulate ER a expression to basal levels over time, and impacts on ER a
regulation are not as clear as those in New Bedford Harbor killifish. Also strikingly
different, is that killifish from New Bedford Harbor did not exhibit a shifted dose-response
for induction of vitellogenin in larval fish or adult males. Decreased vitellogenin levels in
adult female killifish from New Bedford Harbor are likely related to altered regulation of ER
a and a deficiency in 17B-estradiol levels (Greytak and Callard, 2007). Impacts on oocyte
development at Newark Bay are thought to be due to both altered regulation of vitellogenin
and 17pB-estradiol deficiency. Future studies in these two populations will generate new
interest in site-specific comparisons of contaminant impacts on killifish reproduction.

CONCLUSIONS

We propose that the inhibition of ovarian follicle development in Newark Bay killifish has
led to a reduction of egg production due to insufficient vitellogenin expression. The decrease
in hepatic vitellogenin synthesis is due to a combination of (1) deficiency of circulating 17p-
estradiol levels, and (2) a decreased sensitivity of the vitellogenin pathway to 17p-estradiol.
Contaminants at Newark Bay result in a multi-faceted disruption of reproductive events in
the ovary and liver, which ultimately impact fecundity. Further studies are necessary to
determine the mechanism for 17p-estradiol deficiency and the inhibition of vitellogenin
induction by 17p-estradiol. Contaminant impacts on Killifish reproduction are relevant to
ecologically and commercially important species that inhabit or migrated through Newark
Bay or for spawning. In addition, contaminants at Newark Bay interfere with the ability of
vitellogenin to be a reliable biomarker of exposure to estrogen mimics in males due to the
down-regulation of the vitellogenin pathway with chronic exposure. Killifish are a relatively
insensitive species, and because teleost oogenesis is well conserved between species,
contaminant impacts in other fish populations may be similar and widespread in estuaries
with similar contaminant profiles.
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Fig. 1.
(A) Hepatic vitellogenin mRNA expression for naive males caged at Tuckerton and Newark

Bay for 1 and 2 months. (B) Circulating levels of vitellogenin protein in naive Tuckerton
males after 1 month. No vitellogenin protein was detected in males after 2 months. Killifish
were caged starting May 241, 2009, for 1 or 2 months duration with collections on June
22" and July, 215, 2009. Bar graphs are presented as mean + standard deviation. The box-
and-whisker plot represents the minimum and maximum values and the median, lower and
upper quartiles. N = 6-7 individuals per group. *Significantly different from Tuckerton (p <
0.05). #Significantly different between months within the respective site and gender (p <
0.05).
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Fig. 2.
Hepatic mRNA expression of (A) ER a, (B) ER Ba and (C) ER b in naive males caged at

Tuckerton and Newark Bay for 1 and 2 months. Killifish were caged starting May 241,
2009, for 1 or 2 months duration with collections on June 22" and July, 21%t, 2009. Bar
graphs are presented as mean * standard deviation. N = 6-8 individuals per group.
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*Significantly different from Tuckerton (p < 0.05). #Significantly different between months
within the respective site and gender (p < 0.05).
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Fig. 3.

(A?) Hepatic vitellogenin mMRNA expression for naive females caged at Tuckerton and
Newark Bay for 1 and 2 months. (B) Circulating levels of vitellogenin protein in naive
females after 1 and 2 months. Killifish were caged starting May 24t, 2009, for 1 or 2
months duration with collections on June 22"d and July, 215, 2009. Bar graphs are presented
as mean + standard deviation. The box-and-whisker plot represents the minimum and
maximum values and the median, lower and upper quartiles. N = 6-7 individuals per

group. #Significantly different between months within the respective site and gender (p <
0.05).
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Hepatic mRNA expression of (A) ER a, (B) ER pa and (C) ER Bb in naive females caged at
Tuckerton and Newark Bay for 1 and 2 months. Killifish were caged starting May 241,
2009, for 1 or 2 months duration with collections on June 22" and July, 215t, 2009. Bar
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graphs are presented as mean + standard deviation. N = 6-8 individuals per group.
*Significantly different from Tuckerton (p < 0.05).
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(A) Total number of eggs stripped from each site on the peak of the lunar cycle and number
of embryos to hatch by 24dpf. (B) Percentage of total stripped-spawned eggs to survive 3
dpf and to hatch by 24 dpf. Data are presented as mean + standard deviation. N = 20 females
stripped per site. Eggs were fertilized with minced testis from 5 males from the respective

site. *Significantly different from Tuckerton (p < 0.05).
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(A) Representative photomicrograph of embryos taken side-by-side from each site at 24 hpf.
(B) Embryo-mass and (C) yolk-volume of viable embryos at 24 hpf. Data are presented as
mean + standard deviation. N = 6 pools of 10 embryos for mass measurements (6 different
females from each site). N = 21 for yolk-volume measurements (7 embryos from 3 different
females from each site). *Significantly different from Tuckerton (p < 0.05).
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Fig. 7.
Circulating 17B-estradiol levels in the blood plasma of female killifish 3 days prior to the

peak of spawning. The box-and-whisker plot represents the minimum and maximum values
and the median, lower and upper quartiles. The detection limit is shown on the axis (0.02 ng/
mL). N = 10 pools of 5 individuals from each site. *Significantly different from Tuckerton
(p <0.05).
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Fig. 8.

(A?) Western blots for doses 0.01 ng — 10 ng 17p-estradiol/g body weight in males and
females. Each sample is a composite of 3 individuals for each treatment group. Dose-
response of vitellogenin protein induction by 173—estradiol in reproductively inactive (B)
males and (C) females from both Tuckerton and Newark Bay. N = 6 per treatment group.
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Data are reported as mean = standard deviation. *Significantly different from the Tuckerton
at p < 0.05 among each treatment group. All treatment groups were significantly higher than
control groups (no vitellogenin detected).
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Fig. 9.
Day 0 (pre-injection) hepatic mMRNA expression of three estrogen receptors (ER a, ER fa,

ER Bb) in reproductively inactive (A) male and (B) female killifish from both Tuckerton and
Newark Bay. N = 6 per treatment group. Data are reported as mean + standard deviation.
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